Pulmonary artery hypertension (PAH), a progressive, lethal condition that results in pathologic changes in the pulmonary arterial tree, eventually leads to right heart failure. Work identifying mutations in the Type II Bone morphogenetic protein (Bmp) receptor, BmpRII, in families with PAH has implicated Bmp-signaling in the pathogenesis of PAH. However, the effectors downstream of BmpRII in PAH remain unclear since BmpRII signals via Smad-dependent and independent mechanisms. We investigated Smad8 function, a divergent receptor regulated Smad downstream of Bmp-signaling, using gene targeting in mice. We show that Smad8 loss of function in adults resulted in characteristic changes in distal pulmonary arteries including medial thickening and smooth muscle hyperplasia that is observed in patients with PAH. Smad8 mutant pulmonary vasculature had upregulated Activin/Tgfb signaling and pathologic remodeling with aberrant Prx1 and Tenascin-C expression. A subset of Smad8 mutants had pulmonary adenomas uncovering a function for Smad8 in normal growth control. These findings implicate Smad8 in both pulmonary hypertension and lung tumorigenesis and support Smad8 as a candidate gene for PAH in humans.
INTRODUCTION
The Bone morphogenetic protein family (Bmp) of growth factors is a subgroup in the Tgfb super family of signaling molecules (1) . The Bmp ligands are an evolutionarily conserved group that signal via a heteromeric complex composed of type I and type II receptors. Upon activation, the serinethreonine kinase type I receptor phosphorylates one of the Bmp receptor regulated Smads (R-Smads): Smad1, Smad5 or Smad8 (2). After phosphorylation, the R-Smad is released from the receptor complex and associates with the common Smad4 to form a trimeric complex composed of two R-Smads and Smad4. This Smad complex then translocates to the nucleus to regulate gene expression in combination with other cofactors. In addition to the canonical Smadmediated pathways, Bmp-signaling has been shown to activate Map Kinase-mediated effector pathways (2) . More recent experiments, indicating a role for Bmp-signaling in microRNA (miRNA) regulation, have revealed further complexity in Bmp-regulated effectors (3) .
In addition to a critical role in normal embryogenesis, Bmp-signaling has been implicated in inherited disorders that involve defective vascular remodeling and cellular growth and differentiation (4, 5) . Human genetic studies identified loss-of-function mutations in the type II Bmp receptor (BmpRII), in families with pulmonary artery hypertension (PAH) (6) . Idiopathic or primary PAH primarily involves the small, distal pulmonary arteries that show muscular hypertrophy and intimal hyperplasia (7) . This work uncovered a role for Bmp-signaling in pulmonary vasculature homeostasis (6, 8, 9) . Recent data also indicate that one family with PAH contains a truncating mutation in Smad8 suggesting a role for Smad8 in the pathogenesis of familial PAH (10) .
In addition to PAH, loss-of-function mutations in the type I Bmp receptor, Bmpr1a, are known to result in juvenile polyposis syndrome (JPS), a hamartomatous condition that results in benign growths containing severely disorganized intestinal tissue. Importantly, patients with JPS and JPS animal models have a high likelihood of developing colon cancer indicating a role for Bmp-signaling in regulating epithelial growth (11, 12) . Loss-of-function mutations in the Tgfb pathway components, endoglin and ACVRL1 (ALK1) cause hereditary hemorrhagic telangiectasia that results in pulmonary arteriovenous malformations and other vascular dysplasias (4) .
In addition to loss of function, gain-of-function mutations in Bmp-signaling components also result in human disease. A gain-of-function mutation in the type I receptor ACVR1 (also called Alk2) results in fibrodysplasia ossificans progressiva (13) . This is a fascinating syndrome in which ectopic soft tissue ossification occurs in concert with inflammatory stimuli. This phenotype suggests an in vivo link between Bmp and stress-regulated signaling that has been previously observed in tissue culture cells (14) .
Other in vivo experiments provide insight into Bmpsignaling in vascular development. We previously found that Bmp4 was required for remodeling of branchial arch arteries during mouse development (15) . Moreover, work investigating the function of the Bmp R-Smads, Smad1 and Smad5, revealed important functions for these genes in early development (16 -20) . Smad1 and Smad5 mutant mice were embryonic lethal with defects in the allantois resulting in abnormal placentation. Smad5 was also shown to be critical for early events in the development of left right asymmetry. Vascular abnormalities within the embryo proper were also observed in both Smad1 and Smad5 mutant embryos (16 -20) . Despite these severe embryonic phenotypes, the Smad1 and Smad5 mutant mice survived longer than mice that were mutant for Bmpr1a and BmpRII likely as a result of redundancy between the Smad family members. As noted earlier, it is also conceivable that Smad-independent signaling may play a role in the Bmpr1a and BmpRII mutant phenotypes (3, (21) (22) (23) .
Previous work indicated that Smad8 has only minor functions in development due in part to redundancy with Smad1 and Smad 5 (23, 24) . Because little is known about the function of Smad8 and Bmp-signaling in the adult, we investigated Smad8 in adult mice using a loss-of-function approach. Our data indicate that Smad8, although dispensable for embryogenesis, has an important role in pulmonary vasculature maintenance. In Smad8 mutant mice, pathologic changes consistent with PAH were observed in the distal pulmonary vasculature. These pathologic changes were associated with defective vascular remodeling with aberrant Tenascin-C (TN-C) and Prx1 expression. We also found increased Activin and/or Tgfb signaling activity, as determined by phospho-Smad2 (P-Smad2) expression, in Smad8 mutant vessels. Additionally, a subset of Smad8 mutants developed lung adenomas implicating Smad8 in lung neoplasia. Taken together, our data provide new insight into Smad8 function and the genetic pathways involved in PAH.
RESULTS

Generation of the Smad8
ex4,5 and Smad8 lacZ alleles
To study the Smad8 function, we generated the Smad8 ex4,5 and Smad8 lacZ alleles using gene targeting in embryonic stem cells (Materials and Methods and Fig. 1 ). In the Smad8 flox allele, exons 4 and 5 were flanked by two LoxP sites with a Frt flanked Pgk Neomycin resistance cassette located 3 0 of exon 5 ( Fig. 1A -E) . We used a germline cre deletor strain to remove exons 4 and 5 and generate the Smad8 ex4,5 allele. The Smad8 exons 4 and 5 encode a major part of the Smad8 MH2 domain and contain essential motifs such as the receptor binding domain and the phosphorylation site, with the SSXS motif. Therefore, the Smad8 ex4,5 allele would be predicted to be a null allele. This idea is supported by experiments performed with Smad5 in which the C-terminal deletion gave nearly identical phenotypes to a deletion of exon 1 and the initiator methionine (16, 18) .
We also generated a Smad8 lacZ allele by introducing an IRES LacZneomycin cassette into exon 4 of Smad8 (Fig. 1F-I) . By marking cells that are fated to express Smad8, the Smad8 lacZ allele would provide insight into the spatio-temporal transcriptional regulation of Smad8. Moreover, disruption of exons 4 and 5 in the Smad8 lacZ allele would be predicted to give a similar functional outcome to the Smad8 ex4,5 allele. To determine whether the Smad8 lacZ allele was a null allele, we performed immunostaining with an antibody against Smad8 that recognizes an epitope in the linker region that is still present in the Smad8 lacZ allele. Because we found that Smad8 was highly expressed in the prostate epithelium in adult mice (see below), we used sections through prostate and performed double-labeling by staining for LacZ activity to show cells that are transcribing Smad8 and Smad8 immunostaining to detect Smad8 protein (Fig. 1J -M) . In Smad8 lacZ heterozygous prostatic epithelium, Smad8 protein was detected in the cytoplasm of LacZ-positive luminal epithelial cells ( Fig. 1J and K) . The Smad8 lacZ 2/2 luminal prostatic epithelium was positive for LacZ activity but immunoreactivity with the Smad8 antibody was absent ( Fig. 1L and M) . Taken together, these data support the conclusion that the Smad8 lacZ allele is null.
Analysis of the Smad8 lacz allele indicates that Smad8 is expressed in discrete regions during embryogenesis
We used LacZ staining to detect b-galactosidase expressed from the Smad8 lacZ knock-in allele at embryonic stages. LacZ activity was found in discrete locations in embryos from 11.5 to 13.5 days post coitum (dpc), indicating that Smad8 transcription is developmentally regulated (Fig. 2) . At 11.5 and 12.5 dpc, LacZ expression was detected in the cardiac outflow tract (OFT), in both the myocardium and cushion mesenchyme ( Fig. 2A -D) . LacZ was also detected in the atrioventricular (AV) cushion mesenchyme (Fig. 2D) . Both the OFT and AV cushions require Bmp-signaling for normal development (15,25 -27) .
From 12.5 to 16.5 dpc, LacZ activity was also detected in developing skeletal structures (Fig. 2E -H) . LacZ was found in the cartilaginous and bony elements of the forming long bones of the limb (Fig. 2 E and G) , in membranous bones of the craniofacial skeleton (Fig. 2F) , and in the developing ribs (Fig. 2H) . We also detected LacZ activity in the tracheal rings of the upper airway, a Bmp4 sensitive structure [ Fig. 2I ; (28, 29) ]. In the forming guts, LacZ was detected at the junction between the pylorus and duodenum at 11.5 and 13.5 dpc (Fig. 2J and K) , forming a sharp ring of expression at the junction of the pyloris of the stomach and duodenum. Bmp-signaling is known to specify the duodenal-pyloric junction (30, 31) . Smad8 lacZ also directed LacZ activity in the genital tubercle and adrenal glands ( Fig. 2L and M) . Together, these data indicate that Smad8 is expressed at embryonic sites where Bmp-signaling is known to be important.
Smad8 expression in postnatal and adult mice
In adult mice, we found that the Smad8 lacZ allele directed LacZ expression in the luminal epithelium of the prostate (Figs 1J -M and 3A and B). While the wild-type prostate had only low levels of background staining (Fig. 3A) , we observed strong nuclear localized LacZ staining in the anterior, dorsal and lateral lobes of the Smad8 lacZ prostate (Fig. 3B) . There was no LacZ activity in the ventral lobes of the prostate. In the gut, LacZ expression was detected in the stomach and the duodenum, with strongest expression in the proximal duodenum ( Fig. 3C  and D) . There was only minimal background LacZ activity in wild-type controls (Fig. 3C ).
Defective Bmp-signaling has been implicated in the etiology of familial pulmonary arterial hypertension (6, 8) . Interestingly, LacZ activity was detected in postnatal lungs of Smad8 lacZ þ/2 and Smad8 lacZ 2/2 mice. Expression reached a peak at 7 days post partum (P7) and was downregulated at later timepoints ( Fig. 3E -G) . Sections through P7 lungs revealed that LacZ activity was found throughout the parenchyma of the lung and in cells surrounding distal pulmonary vessels that most likely represent smooth muscle although further double labeling experiments are required to definitively address the Smad8-expressing cell type ( Fig. 3H -K) . Taken together, our data are consistent with previously published reports looking at embryonic expression and provide new insight into post-natal Smad8 expression patterns (23).
Smad8 lacz mutants develop pulmonary vascular disease
Breeding experiments indicated that mice homozygous mutant for both the Smad8 ex4,5 and Smad8 lacZ alleles were recovered at the normal Mendelian ratio at all stages examined (Tables 1  and 2 ). Smad8 mutants had normal body size without gross abnormalities and were fertile. Histologic analysis of Smad8 ex4,5 and Smad lacZ homozygous mutant embryos at multiple stages failed to uncover anatomic abnormalities (not shown). These data indicate that Smad8 loss of function is compatible with normal development and is consistent with a previous report describing a different Smad8 allele that had a deletion of the first Smad8 coding exon (23) .
Since Smad8 was dispensable for development, we investigated whether Smad8 had a function in tissue homeostasis in adult mice. For the analysis of adult phenotypes, we focused on the Smad8 lacZ allele. We analyzed the lungs of Smad8 lacZ homozygous mutant mice and control mice by histology. Because of the firm connection of Bmp-signaling to pulmonary vascular disease and our observation that Smad8 was expressed in the postnatal lung, we studied the Smad8 lacZ mutant lungs at multiple timepoints. At 3 and 7 months of age, no lung pathology was observed in the Smad8 lacZ mutant mice (n ¼ 4, not shown). However, beginning at 11.5 months of age, we observed pathologic changes consistent with defective vascular remodeling in Smad8 lacZ 2/2 mice ( Fig. 4A -C) . The pathologic findings were consistent with what has been observed in human patients (7) . Affected vessels were the distal pulmonary arterioles found at the lung periphery. Common findings included media hyperplasia with vessel occlusion and plexiform lesions ( Fig. 4A-E) . In addition, we commonly found an inflammatory monocytic infiltrate surrounding affected pulmonary vessels (Fig. 4C) . We examined a total of 15 adult Smad8 lacz 2/2 mice and uncovered pathologic findings consistent with abnormal vascular remodeling such as media hyperplasia, occlusion and plexiform lesions in six mice (40%). It is notable that in the four Smad8 lacZ þ/2 controls that we examined, we observed limited evidence of vascular lesions in two mice. The changes were much less severe than in the homozygous mutants (Fig. 4F, data not shown) . Abnormal vessels were observed in a few scattered areas and the media hyperplasia was mild. This is consistent with the dominant genetics observed in human patients with PAH (7).
Abnormal vascular remodeling in Smad8 mutants
Immunostaining with a smooth muscle actin antibody indicated that the cells within the media of abnormal vessels expressed smooth muscle markers suggesting abnormal vessel remodeling in the absence of Smad8 (Fig. 4F -H) . We performed PCNA staining on the Smad8 laz 2/2 vessels to determine whether there was aberrant cell cycle progression in the media of the affected pulmonary vessels. PCNA staining followed by cell counting to quantitate cell cycle progression in the Smad8 laz 2/2 spindle-shaped cells within the vessel media indicated that 50% were PCNA positive. However, cell counting and calculation of the proliferative index indicated that at the timepoints tested there was equivalent proliferation in the pulmonary smooth muscle of control and Smad8 mutant vessels (Fig. 4I -L) . This suggests that abnormal smooth muscle proliferation in the Smad8 mutant vessels was a limited, acute event that was undetectable at the timepoints we studied. It is also possible that the Smad8 laz þ/2 mice that we used as controls for this experiment had upregulated cell proliferation, thereby diminishing the statistical power of this experiment. Further experiments with aged mice will be required to address this issue.
The extracellular matrix (ECM) glycoprotein, Tenascin-C (TN-C), is known to be upregulated in pathologically remodeling vessels of both clinical and experimental PAH (32 -34) . Moreover, the Prx1 homeobox gene is required for normal pulmonary vascular development and is a direct transcriptional regulator of TN-C (34, 35) . Notably, TN-C and Prx1 expression is silenced in the normal adult lung (34) . We examined TN-C and Prx1 expression in Smad8 lacZ þ/2 and Smad8 laz 2/2 mutant lungs. In Smad8 lacZ þ/2 pulmonary Figure 2 . Smad8 lacZ expression pattern during embryogenesis. (A and B) LacZ staining at embryonic timepoints showed that Smad8 lacZ was expressed in the OFT of the heart ( . ) (C and D) Sections through 13.5 dpc hearts showing LacZ activity in the AV and OFT cushion mesenchyme (arrows) and myocardium (arrowheads). (E) Smad8 lacZ was expressed in the developing skeletal structures including the mandible and long bones (E-G) and developing ribs (H). LacZ activity was also found in the trachea (I). LacZ activity was detected in the gut: at 11.5 dpc in the pylorus (arrow) and the wall of duodenum (J) and in the pylorus and the duodenum at E13.5 (K). There was strong Smad8 lacZ expression in adrenal glands and the genital tubercle at E13.5 (L and M). a, atrium; c, cushion; e, eye; fl, forelimb; gt, genital tubercle; i, intestine; k, kidney; lv, left ventricle; m, mandible; mx, maxilla, py, pulorus; r, radius; rv, right ventricle; s, stomach; tr, trancha; u, ulna. vessels, we found limited but detectable levels of TN-C and Prx1 indicating that Smad8 heterozygotes abnormally activate the Prx1-TN-C pathway ( Fig. 4M and O) . In Smad8 lacZ 2/2 pulmonary vessels, TN-C and Prx1 expression was dramatically expanded in the smooth muscle cells of the vascular lesion as well as cells surrounding the lesion ( Fig. 4N and P) . We also detected strongly elevated TN-C and Prx1 expression in the pulmonary vasculature of one Smad8 laz þ/2 mouse. As noted earlier, this finding in Smad8 heterozygotes is consistent with the dominant genetics that is observed in human PAH patients.
Elevated phospho-Smad2 immunoreactivity in Smad8 deficient pulmonary vessels A balanced interplay between Activin/Tgfb and Bmp-signaling has been recognized to be important in developing embryos (36, 37) . Moreover, smooth muscle cells from a PAH patient have been shown to have altered response to Tgfb signaling (38 -40) . Moreover, upregulated Tgfb signaling has been implicated in the abnormal vascular morphogenesis and maintenance observed in Marfan's syndrome (41) . We examined the status of Activin/Tgfb signaling in Smad8 mutant pulmonary vessels using an antibody against phospho-Smad2 (P-Smad2). Our findings indicate that in the control, there are rare P-Smad2 positive cells while in the Smad8 mutant vessels, P-Smad2 immunoreactivity is dramatically upregulated (Fig. 5A -D) . We conclude that Activin/ Tgfb signaling is upregulated in Smad8 mutant pulmonary vessels.
Lung adenomas in Smad8 deficient mice
During our characterization of the adult lung phenotypes, we noted that a percentage of Smad8 mutants had pulmonary tumors. Gross inspection of dissected lungs followed by histologic analysis revealed that 3 out of 19 adult Smad8 laz 2/2 mice had lung tumors (16%) (Fig. 6A and B) . Sectioning through the adenomas revealed a well-differentiated papillary histopathology ( Fig. 6C -E) . We next performed PCNA staining on Smad8 laz 2/2 adenomas and control counterparts. In the adenomas, we estimated that 80 -90% was PCNA positive indicating a loss-of-growth control in the absence of Smad8. In the Smad8 laz þ/2 lungs, PCNA positive cells were accounted for 40% of the lung parenchyma ( Fig. 6C -E) . Taken together, these finding indicate that Smad8 plays a role in restricting cell proliferation in lung parenchyma. 
DISCUSSION
Although the involvement of BmpRII in PAH is firmly established, a clear picture of the signaling pathways downstream of BmpRII is lacking. Previous work, documenting mutations in BmpRII in patients with familial PAH, established a requirement for Bmp-signaling in pulmonary vessel homeostasis. However, because BmpRII can signal via both Smaddependent and Smad-independent pathways, a firm connection to Smad function and PAH was lacking in the whole animal. Our data show that Smad8 has a role in regulating abnormal pulmonary vascular remodeling. Smad8 mutant lungs had aberrant expression of Prx1 and enhanced Activin/ Tgfb-signaling. Taken together, our data extend the understanding of the genetic pathways involved in PAH.
Smad8 mutant mice as a model for human PAH
ECM remodeling is one of the most common characteristics of PAH in human patients. Other common pathologic findings include pulmonary artery wall thickening and inflammation. In Smad8 mutant mice, we observed a number of pathologic hallmarks associated with human PAH, including ECM remodeling, arterial wall thickening and peri-vascular inflammatory infiltrates. Moreover, these changes are associated with upregulation of the Prx1-dependent TN-C expression, a marker of pathologic ECM remodeling, that has been previously described in human PAH samples (34, 42, 43) . Notably, the pathologic pulmonary vascular changes in Smad8 mutant mice were incompletely penetrant. Incomplete penetrance, in which some family members are asymptomatic carriers, is also commonly seen in familial cases of PAH and has been interpreted to represent the influence of secondary factors such as environmental insults and genetic background.
One important difference between the Smad8 mutant model and human patients was the time to disease onset. Whereas the human patients tend to present early in life, the Smad8 mutants developed disease relatively late in life. Experimental models often use hypoxia or other noxious stimuli while the Smad8 mutants in this study were housed at sea level (Houston, Texas) and were unchallenged. In addition, our analysis used primarily male mice, whereas PAH predominantly afflicts female human patients. Together, these considerations support the general notion that a second insult is required for the development of symptomatic disease in humans.
Our preliminary findings, looking at pulmonary vascular resistance in Smad8 mutants, indicate that there are no significant changes in Smad8 mutants (n ¼ 4) although more mice will need to be examined. Together, our findings reveal that Smad8 mutant mice are a unique, single gene inactivation model for mild PAH.
Bmp signaling in vascular remodeling
Development of the pulmonary vasculature is a special case of vascular development as angiogenesis and vasculogenesis progress independently (44) . The proximal vessels develop via angiogenic sprouting from the dorsal aorta, while the distal lung vasculature forms through inductive interactions in the foregut mesoderm. During vascular development, signaling from endothelium to mesenchyme is thought to be important for the recruitment of supporting cells, such as smooth muscle precursors and pericytes, that are important for the stabilization of the forming endothelial tubes (45 -47) . Vascular remodeling involves local disruption of the critical interaction between endothelium and support cells resulting in endothelial regression and vascular remodeling. Bmp4, likely signaling through the type I Bmp receptor, Bmpr1a, has been implicated in vascular remodeling during development (15, 48) . In addition, Bmp2 is also known to be critical for cushion and valve morphogenesis during cardiac development (26) .
It is conceivable that a Smad8 regulated pathway directly constrains abnormal vascular remodeling. However, upregulated P-Smad2 implicates crosstalk with Activin/Tgfb signaling in Smad8 mutant pathologic remodeling. Moreover, TN-C is known to play a direct role in vascular proliferation and remodeling suggesting that this pathway has a role in Smad8 mutants (43) . It is notable that Prx1, a TN-C transcriptional regulator, is also likely to have an important role in the Smad8 mutant phenotype as Prx1 mutant mice have abnormal pulmonary vascular development (35) . Prx1 also has a role in the differentiation and migration of smooth muscle cells (49 -51) and Prx1 can activate ECM genes in hepatic stellate cells (52) . Further experiments will be necessary to dissect the individual contributions of these genes to the Smad8 mutant phenotype.
Smad dependent and independent signaling and PAH
In vitro studies, using isolated pulmonary artery smooth muscle cells from patients with PAH, indicated that abnormal smooth muscle cell proliferation was an important factor in the etiology of PAH (39) . Other work showed that inhibition of Smad and upregulation of p38 MAP kinase signaling resulted in elevated smooth muscle cell proliferation (53) . Together, these findings suggest that both Smad-dependent and Smad-independent Bmp-signaling have a role in PAH. However, further complexity in BmpRII function was uncovered by the finding that BmpRII signals directly to the cytoskeleton. Protein interaction studies indicated that BmpRII cytoplasmic domain directly interacts with LIM kinase1, a regulator of actin dynamics (54, 55) . Moreover, disease causing mutations in the BmpRII cytoplasmic domain interrupt a functional interaction with a dynein motor protein, Tctex1 (56). These data indicate that direct signaling of BmpRII to the cytoskeleton may have a role in the pathogenesis of PAH.
Our data support the conclusion that Smad8 likely functions in the smooth muscle cells. Other data, using transgenic overexpression of a mutant BmpRII in smooth muscle, indicate that Bmp-signaling functions in smooth muscle (57, 58) . Our findings suggest that Smad8 functions to restrain smooth muscle proliferation or migration. The hypothesis that Smad8 is directly involved in control of proliferation is supported by our observation that many Smad8 mutant mice develop lung adenomas that have elevated levels of proliferation. It will be important in future studies to inactivate Smad8 specifically in pulmonary smooth muscle using the Smad8 flox allele that we have generated to definitively investigate these ideas.
Smad8 in tumorigenesis and growth control
Bmp-signaling has been implicated in regulation of normal prostate development (59 -62) . Furthermore, one clinical study reported the loss of nuclear Smad8 immunostaining in human patients with prostate cancer (63) . We have analyzed the prostates of Smad mutant male mice and have not detected any evidence for prostate cancer in mice aged to 17 months. Thus, if Smad8 has a direct role in the initiation or progression of prostate cancer, other environmental or genetic insults must also be required for disease to occur. Our immunohistochemistry data indicate that Smad8 protein is localized to the cytoplasm in an inactive state (Fig. 1J -M) . It may be that Smad8 plays a role in response to injury in the prostatic epithelium. This hypothesis awaits further analysis.
Bmp-signaling has been implicated in specification of the pylorus (30, 31) . Moreover, mutations in Bmpr1a and Smad4 have been found in patients with JPSs of the gut (4). In the adult gut, it is thought that Bmp-signaling maintains a stemcell population within the crypt-villus axis through inhibition of Wnt signaling (64) . We have not detected a propensity to form intestinal polyps in the Smad8 mutant mice although this is ongoing work. 
Smad8 is transcriptionally regulated during development and in the adult
The analysis of the Smad8 lacZ allele indicates that Smad8 is regulated transcriptionally during development. Previous work established that at early stages of development, Smad8 is expressed broadly in the embryo and then localizes to individual organs (20, 23) . Our data indicate that later, at stages of embryonic organogenesis and in adult organs, Smad8 is regulated transcriptionally. Furthermore, the embryonic regions that express Smad8 are known to be areas of active Bmp-signaling. In the cardiac OFT, where high levels of Smad8 transcription were found, we have previously shown that Bmp4-signaling plays a critical role (15) . Bmp signaling is also known to be important for a specification of the pylorus, another region with Smad8 lacZ activity. Surprisingly, in the adult, we also found evidence for the transcriptional regulation of Smad8 with high levels of transcription in the lung, prostate epithelium and gut. The immunostaining data in the prostate indicate that Smad8 protein is present but is localized in the cytoplasm in an inactive state (Fig. 1J -M) . Taken together, our findings indicate that Smad8, in addition to the multiple levels of post-transcriptional regulation involved in Bmp-signaling, is also transcriptionally regulated.
The function of Smad8 in embryogenesis
A previous report of two hypomorphic Smad8 alleles revealed that Smad8 may have a minor function in midbrain and hindbrain development (65) . In that work, an in-frame deletion of exon 3 resulted in mice with no phenotype. A second allele, referred to as Smad8 3loxP , had a retained neomycin cassette in the intron downstream of exon 3 but no deletion of coding sequences. Due to alternative splicing, it was shown by RT -PCR that the Smad8 3loxP allele caused a reduction in Smad8 expression in the brain with a potential disruption of Smad8 exons 4 and 5. The phenotype of the homozygous mutant Smad8 3loxP embryos was a mild midbrain and hindbrain reduction in 11% of embryos (65) . Another Smad8 allelic series that included a deletion of the first coding exon failed to detect similar phenotypes. Our data also support the conclusion that Smad8 has a minor role in development likely as a result of redundancy at later stages of organogenesis. More extensive analysis using conditional genetics will be required to address this issue.
MATERIALS AND METHODS
Generation of Smad8 mutant alleles
Screening of a 129/S mouse genomic library (Research Genetics, Inc.) using a fragment containing Smad8 exon 3 yielded several BAC clones. Thirteen kb HindIII and 18.5 kb EcoRV fragments were subcloned into Bluescript SK vector, respectively. To construct the targeting vector for the Smad8 flox allele, a LoxP and HindIII and BamHI sites were placed downstream of the 3.2 kb BamHI/XhoI 5 0 arm. Another LoxP followed by Frt-flanked PGK-neo cassette was put upstream of the 0.9 kb HindIII/KpnI 3 0 arm. The PacI linearized construct was electroporated into AK7 ES cells and G418 colonies screened by Southern blot using the 5 0 external probe, a 1.4 kb fragment containing exon 3. DNA from ES cell clones screened with 5 0 probe was then digested with BamHI and further confirmed using 3 0 external probe, a 0.5 kb KpnI fragment. Six of 200 ES cells were correctly targeted and two clones contributed to the germline. To generate the Smad8 ex4,5 allele, 129 S6/S4 congenic males carrying a CMV-Cre transgene were crossed to F1 females, resulting in deletion of exons 4 and 5. The deletion was confirmed by Southern analysis using the 3 0 external probe. Heterozygous offspring carrying Smad8 ex4,5 allele was backcrossed to the 129S6/S4 strain and then interbred.
The Smad8 lacZ allele was generated by inserting an IRES LacZ/PGK-neo LoxP cassette into exon 4. The cassette was inserted into a SalI site, which was introduced into exon 4 using PCR. 5 0 PCR product was amplified using oligos: 5 0 -GCAGTCATAAGTGAGAGGCTATGGAC-3 0 and 5 0 -TA AGTCGACCTTGAGGCTGCAGCCGCT-3 0 ; 3 0 PCR product was amplified using oligos: 5 0 -ATGTCGACGGCTTTGAAG TGGTGTATGAG-3 0 and 5 0 -ATGCGGCCGCATTACAGGG AAAGAGACTCAA-3 0 . 5 0 product was then ligated with the 3.2 kb BamHI/XhoI 5 0 arm. 3 0 3.0 kb PCR product was taken as 3 0 arm for homologous recombination. The vector was linearized with PacI and electroporated into AK7 ES cells, the same digest and probes as those for Smad8 ex4,5 allele were used to screen for recombinant ES clones. Two targeted ES clones were transmitted through the germline.
Genotyping of mice
F1 offspring of both alleles was genotyped by Southern analysis. Then the following generations were genotyped by PCR. DNA isolated from tail clips or yolk sac was used for genotyping. For distinction of Smad8 wild-type and Smad8 ex4,5 alleles, PCR was performed using 5 0 common primer-A 
LacZ staining, histology and immunohistochemistry
Whole embryos and organs from adult mice were collected and fixed in fixation buffer (0.2% glutaraldehyde, 2% formaldehyde, 5 mM EGTA, 2 mM MgCl 2 , in 0.1 M pH 7.3 phosphate-buffered saline for 30 min at room temperature). After three washes, 30 min each, in rinse buffer (0.1% sodium deoxycholate, 0.2% Nonidet P-40, 2 mM MgCl 2 , in 0.1 M pH 7.3 phosphate-buffered saline), ß-galactosidase (LacZ) activity was detected by incubation overnight at room temperature in rinse buffer containing 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-ß-D-galactosidase), 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide. After staining, embryos and organs were rinsed in PBS twice and postfixed in 10% formaldehyde, before photography.
For histology, embryos and organs were fixed in 10% formaldehyde at 48C overnight. After dehydration through a graded ethanol series, embryos and organs were embedded in paraffin at appropriate orientations. Paraffin blocks were sectioned at the thickness of 5 mm. Sections were stained with hematoxylin and eosin using standard procedures. Immunohistochemistry was performed on paraffinembedded sections of the adult prostate tissue. Sections were deparaffinized in xylene, rehydrated through graded ethanol and heated in 958C deionized water for 10 min. Sections were incubated with goat anti-Smad8 polyclonal antibody (catalog number: sc-7442, Santa Cruz Biotechnology, Inc.) or Phospho-Smad2 (catalog number: 3101, Cell Signaling Technology) at 48C overnight and stained using goat or rabbit ABS staining system (catalog number: sc-2023, Santa Cruz Biotechnology, Inc.), then counterstained with hematoxylin. Immunostaining for Tenascin-C and Prx1 has been previously described (35) . For the analysis of Smad8 mutant pulmonary vasculature, we analyzed male mice at the ages discussed.
